Most higher eukaryotic tubulins are separated into a-and J3-tubulin when electrophoresed in NaDodSO4-denaturing gels, while many lower eukaryotic tubulins are poorly resolved under these conditions, which include a stacking gel (pH 6.80) and a separating gel (pH 8.80). By lowering the pH of the separating gel to 8.25, we have found that tubulin isolated from the protozoan Tetrahymena thermophila is resolved by one-dimensional polyacrylamide gel electrophoresis into two a-tubulins and one P-tubulin. Moreover, at least five A-and two .3-tubulin isotypes are identified in Tetrahymena by isoelectric focusing and two-dimensional polyacrylamide gel electrophoresis. Three of these a isotypes and one (3 isotype are found specifically in ciliary microtubules, while the other two isotypes are found only in the cytoplasmic tubulin pool that was isolated and induced to self-assemble into microtubules in vitro. Peptide mapping by limited proteolytic digestion indicates that the tubulins are closely related. Possible mechanisms for the generation and selection of these tubulin isotypes are discussed.
Microtubules participate in a wide variety of cellular functions that include the development and maintenance of cell shape, the movement of chromosomes during mitosis and meiosis, the translocation of organelles, and the motility of eukaryotic cilia and flagella. Some of these processes require precise spacial and temporal control of microtubule assembly and disassembly, as in the formation of the mitotic apparatus, and some require the assembly of morphologically distinct microtubules, as in the assembly of ciliary and flagellar microtubules.
Microtubules are composed primarily of dimers of a-and ,B-tubulins, each with a molecular weight of 50,000 (1) (2) (3) (4) .
Within the same cell and among different cell types, a-and /3-tubulins are heterogeneous as judged by protein and DNA sequencing (2) (3) (4) (5) (6) , electrophoresis, isoelectric focusing, peptide mapping (7) (8) (9) (10) (11) (12) (13) (14) (15) , immunological methods (16) (17) (18) (19) , and genetic analysis (20, 21) . Whether these tubulin differences can be correlated with the various functions with which microtubules are associated is an intriguing question (22) . To correlate tubulin biochemistry with microtubule function, it is appropriate to study the simplest cell type or organism that (i) can be grown in large quantities to permit biochemical analysis, (ii) contains functionally different microtubule systems that can be isolated in vitro, and (iii) is amenable to genetic and molecular biological techniques.
The ciliated protozoan Tetrahymena therntophila contains an elaborate array of microtubules involved in ciliary motility, cell division and conjugation, the organization of the oral apparatus, and the maintenance of cell shape (23) . Methods are available for the independent isolation of cilia (24) , cytoplasmic microtubules of the oral apparatus (25, 26) , and the soluble pool of cytoplasmic tubulin (ref. 27 and this report). In addition, techniques are available for the potential isolation of tubulin mutants (28) and the analysis of tubulin genes (29) . Overall, Tetrahymena is an ideal organism for the study of tubulin expression, heterogeneity, and function. In this report, methods are presented for the electrophoretic separation of Tetrahymena tubulin and for the purification and in vitro assembly of cytoplasmic tubulin. Ciliary tubulin is compared to the assembly-competent pool of cytoplasmic tubulin by one-dimensional (1-D) and twodimensional (2-D) PAGE, isoelectric focusing (IEF), and limited proteolytic digestion. Several different a-and f3-tubulins are identified in the ciliary axoneme, some of which are distinct from those in the soluble cytoplasmic pool.
MATERIALS AND METHODS Materials. Ultrapure ammonium sulfate was purchased from Schwarz-Mann and ultrapure urea was from Bethesda Research Laboratories. Carrier ampholytes for IEF (pH ranges 4-6, 5-7, 3.5-10) were obtained from LKB. Electrophoretic grade acrylamide and NN'-methylenebisacrylamide were obtained from Bio-Rad.
Preparation of Protein. Ciliary axonemes were isolated from Tetrahymena thermophila, clone SB911 (30), as described (24, 31) .
Cytoplasmic tubulin was purified from deciliated cell bodies by ion-exchange chromatography on DEAE-Sephadex (27) . Phenylmethylsulfonyl fluoride (PMSF) (1 mM) and leupeptin hemisulfate (synthetic) (10 pug/ml) [a competitive inhibitor of serine and thiol endopeptidases in Tetrahymena (32, 33) ] were added to all solutions. The isolated tubulin was concentrated by ammonium sulfate precipitation [50% saturation (wt/vol), 313 g/liter] and desalted into assembly buffer (100 mM Pipes adjusted to pH 6 .80 with NaOH/1 mM MgCl2/1 mM EGTA/1 mM GTP/1 mM PMSF/10 pug of leupeptin/ml) by gel filtration chromatography on Sephadex G-25. Microtubules were assembled at 300C by either two cycles of reversible assembly (34) or the addition of 10 ,uM taxol (35) .
Bovine and chicken brain tubulins were isolated by two cycles of reversible assembly as described (36) .
Analytical Methods. Proteins, resolved on 1-D PAGE [10o T (total acrylamide)/0.5% C (bis-acrylamide, crosslinker)] (37) , were fixed and stained with Coomassie blue R-250 (38) . For some experiments, the pH of the separating gel was varied from 9.25 to 8.25 by the addition of HC1, resulting in a calculated increase in ionic strength of 0.01 over the standard Laemmli formulation (37).
Tubulins were resolved by 2-D PAGE (39) with a firstdimension IEF gel with 2% ampholytes (0.8%, pH 5-7; 0.8%, pH 4-6; 0.4%, pH 3.5-10; vol/vol). Electrophoresis in the second dimension was carried out under denaturing condiAbbreviations: IEF, isoelectric focusing; 1-D, one-dimensional; 2-D, two-dimensional.
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Isoelectric focusing in 0.75-mm-thick slab gels was carried out vertically in a Bio-Rad SE 600 gel apparatus using the ampholyte composition described above. IEF slab gels were stained with crocein scarlet and Coomassie blue R-250 (40) .
Peptide maps of tubulins were generated by limited proteolytic digestion with type XVII Staphylococcus aureus V8 protease (Sigma) in NaDodSO4/polyacrylamide gels (41) .
Tetrahymena 83-tubulin was visualized on nitrocellulose blots by immunoperoxidase methods as modified by Binder et al. (42) , using a monoclonal antibody (clone Tu9B) against mammalian brain f3-tubulin (43) .
Pellets of in vitro-assembled cytoplasmic microtubules were fixed and embedded for electron microscopy as described (36) .
RESULTS
Purification and Assembly of Cytoplasmic Tubulin. Purified Tetrahymena cytoplasmic tubulin was assembled into intact microtubules by either two cycles of temperature-dependent assembly and disassembly or taxol-induced polymerization ( Fig. 1 ). The yield of tubulin obtained after taxol-induced assembly is 4-fold higher (3-5 mg per 1010 cells) than that obtained by self-assembly (0.8-1.5 mg per 1010 cells); however, no differences are observed in the composition of the tubulin found in microtubules assembled by either method, as assayed by 2-D PAGE, IEF, or peptide mapping. Taxolinduced assembly, therefore, did not select for a specific isotype of cytoplasmic tubulin.
Separation and Identification of Tubulins. As a first step in the analysis of Tetrahymena tubulin heterogeneity, conditions were established for maximal resolution of the a-and ,3-tubulins in acrylamide gels. Separation of Tetrahymena tubulin on 1-D denaturing gels was found to be dependent on the pH of the separating gel. Identical tubulin samples were electrophoresed on five separate gels that differed only in the pH of the separating gels (Fig. 2) . As the pH of the separating gel decreased, the separation of Tetrahymena a-and f3-tubulin increased with maximum resolution occurring in pH 8.25 gels. In contrast, the resolution of chicken and bovine brain tubulin decreases with decreasing pH, such that at pH 8.25 there is no separation of these brain tubulins.
For most tubulins, the faster migrating polypeptide in 1-D PAGE is ,3-tubulin (45); however, under our conditions, the Tetrahymena a-tubulin is the faster polypeptide. This is confirmed by immunoblot procedures using a monoclonal antibody against mammalian brain 83-tubulin (Fig. 3) and by the migration of the two tubulins on IEF and 2-D PAGE (see Figs. 4 and 5) , where the slowest migrating tubulin in the NaDodSO4 direction is the most acidic ,B-tubulin.
With the increased resolution provided by the low pH separating gel, differences can be observed between ciliary and cytoplasmic a-tubulins by 1-D PAGE. Ciliary tubulin migrates as a single 1-and a-tubulin complex on these gels, whereas cytoplasmic tubulin migrates as a single fB-tubulin and a doublet of a-tubulins (see arrowheads, resolution isoelectric focusing slab gels (Fig. 4) and on 2-D NaDodSO4 gels (Fig. 5) . Under these conditions, the single axonemal a-tubulin observed in 1-D gels is resolved into 3-5 isotypes (Fig. 4A) . Since only 3 a-tubulin spots are seen clearly in 2-D gels (Fig. 5A) , two of the IEF bands must be nontubulin polypeptides or have merged in the second dimension of electrophoresis. The a-tubulin isotypes, designated al, a2, or a3 (from acidic to more basic), are not found in cytoplasmic tubulin preparations. In vitro-assembled cytoplasmic microtubules are composed of two a-tubulin isotypes, a major a5 and a less abundant a4 (Fig. 5 C and C' (Figs.  4 and 5) .
The apparent pI values of the tubulins, obtained from the high-resolution slab-IEF gels (Fig. 4) (Fig. 6) . Two of the high Mr cytoplasmic a-tubulin peptides (arrowheads) do not comigrate with the major ciliary a peptides. The unique high Mr peptides are produced from the faster migrating cytoplasmic a-tubulin in 1-D gels. Close inspection of the two gels reveals that a small amount of these peptides is found in the ciliary-microtubule preparation (Fig. 6A) . The peptide map of the slower migrating cytoplasmic a-tubulin, (25 ,ug, C) . At higher protein loadings (100 ,ug, C'), two cytoplasmic a-tubulins, a4 and a5, are apparent, as is a single (2 tubulin. Axonemal tubulin (50 Ag, A) is resolved into more acidic a-tubulins (al, a2, and a3) and two P-subunits (p3k and (2). The axonemal tubulins (50 Ag) are distinct from the cytoplasmic tubulins (25 ,ug) when co-electrophoresed in the same gel (M). just to the left of the unique peptides, is similar if not identical to the major ciliary a-tubulin peptide map. The ciliary and cytoplasmic f-tubulin peptide maps are identical in pH 8.25 gels.
DISCUSSION
Tetrahymena is an ideal organism for studying the regulation of microtubule assembly because it contains a diverse population of microtubules that are assembled at specific places and at specific times during the cell cycle. Biochemical analysis of these microtubules has, however, been limited because methods had only been developed to isolate the ciliary microtubules or very small quantities of soluble cytoplasmic tubulin (27) The a-tubulin heterogeneity may result from posttranslational modification, since the modification of cytoplasmic tubulin to become ciliary tubulin is not without precedent. a-Tubulin is posttranslationally modified as it is assembled into flagellar microtubules of Chlamydomonas (52, 53) by the acetylation of the e amino group of a lysine (54, 55) . Similar posttranslational modifications of flagellar a-tubulins have been observed in Polytomella (15) , and the trypanosome, Crithidia fasciculata (56) , although the sites of the modification(s) in these organisms are unknown.
In Chlamydomonas, Polytomella, and Crithidia, a single cytoplasmic a-tubulin appears to be converted to a single modified flagellar a-tubulin. In Tetrahymena, however, the presence of five distinct isotypes of a-tubulin indicates that there would have to be a series of potentially different modifications of a single a-tubulin precursor. Moreover, if the a-tubulin diversity in Tetrahymena is generated posttranslationally, the modification(s) would have to alter the migration of the tubulin peptides in the pH 8.25 peptide maps, since the peptide map of the faster migrating cytoplasmic a-tubulin is clearly different than the slower migrating cytoplasmic a-and the major ciliary a-tubulins. These results raise the possibility that there are at least two a-tubulin genes that give rise to the different a-tubulins. To date, however, only one a-tubulin gene has been identified in Tetrahymena using Southern blot analyses with heterologous tubulin probes (29) .
Whether the isotypes are generated at the transcriptional or posttranslational level, the altered ciliary tubulins must either be modified (i) in the cytoplasm and find their way to the axoneme, (ii) in the ciliary matrix, or (iii) directly at the assembly end of the ciliary microtubules, distal to the cell body (57, 58 
